 High density zinc oxide nanosheets arrays were grown on GaN-based light-emitting diodes at low temperature. It showed marked 20% increases in light output power at 20 mA of driving current compared to that of untreated LED. The enhancement of light output power is attributed to high density and surface-to-volume ratios of nanosheets as well as to enhanced multiple photons scattering at the nanosheets surface.
INTRODUCTION
For the past decade, gallium nitride-based light emitting diodes (GaN-based LEDs) have been widely used in various applications [1] [2] [3] . Increasing the light output power of GaN-based light-emitting diodes (LEDs) holds the promise of realizing solid-state lighting [4] . However, the light extraction efficiency of the GaN-based LEDs is still low due to the high internal reflection and narrow escape cone (∼23.6•) due to the large difference of refractive indexes between nitride material [5] . Accordingly, several methods have been proposed for releasing the photons trapped inside the LEDs owing to total internal reflection, such as geometrical chip-shaping, flip-chip LEDs, photonic crystals and surface texturing [6] [7] [8] . Recently, vertical arrays of zinc oxide nanorods grown by metal organic chemical vapor deposition (MOCVD) have been employed to enhance the light extraction efficiency of the LEDs [9] . However, these vapor phase growth approaches significantly complicate the LED fabrication process due to the use of complex and expensive equipment. It was reported that coating ZnO nanorod arrays on top of p-GaN will reduce higher series resistance due to the relatively high resistivity of ZnO arrays, and will thus cause high operating voltage of the devices [10] . Additionally, poor electrical properties of LEDs can often be the result of being grown in high temperatures. Hence, the well-developed low temperature growth techniques are important to be incorporated into LEDs and make them suitable for low cost and large-scale fabrication. In this paper, high density zinc oxide nanosheets arrays were grown on GaN-based light-emitting diodes at low temperature. It showed marked 20% increases in light output power at 20 mA of driving current compared to that of untreated LED. The enhancement of light output power is attributed to high density and surface-to-volume ratios of nanosheets as well as to enhanced multiple photons scattering at the nanosheets surface.
EXPERIMENTAL
The bared GaN-based LED device was used as template to grow ZnO nanostructures. The growth process consists of two main steps: The deposition of the ZnO seed layer on LED devices and then the direct growth of ZnO nanostructure on the device surface. The LED device was firstly seeded via spin-coating by using zinc acetate solution with alcohols as solvent, then annealing at 100°C to achieve a good adhesion. In a typical experiment an equimolar (0.03M) alcohols solution of zinc acetate was selected as reaction sources. The device was immersed into the reaction solution, and the react temperature was kept at 70°C with 5h hours. After deposition, the sample was cleaned with deionized water and then dried in an air atmosphere. Structural characteristics of as-grown ZnO nanostructures were investigated using X-ray diffraction (XRD). Field emission scanning electron microscopy (FE-SEM Hitachi S-4800) was used to investigate the morphology. Current-voltage (I-V) characterization of the device with ZnO nanostructures was measured by Keithley electrometer (Model 2400). Room temperature electroluminescence was performed by injection a DC current into the as-fabricated devices. Fig.1a shows the typical XRD pattern of the as-grown sample. All the peaks can be indexed to wurtzite ZnO (JCPDF No. 89-1397) except the peaks from GaN and sapphire. Moreover, no other peaks were observed. The result demonstrates that ZnO nanostructure was achieved on p-GaN template layer by low temperature aqueous method. Fig.2(a)-(b) show the FE-SEM images of the as-grown samples with different magnifications. From the Fig.2(a) , sheet-like structures can be clearly seen. The LED surface was covered with nanosheets on a large scale. Furthermore, the nanosheets are interconnected and have an approximately uniform size from the Fig.2(b) .
Electrical characteristics of the LEDs were also determined from the current-voltage (I-V) characteristics as shown in Fig. 3 . For both two LEDs, identical I-V characteristics were observed and the turn-on voltage remained unchanged. It implies that no electrical degradation was induced by during the low temperature alcohols solution process. Figure 4 shows the EL spectra of a conventional LED without ZnO nanosheets, an LED with ZnO nanosheets an injection current of 20 mA. No significant differences in the EL peak position at 456 nm were detected. However, the EL intensity of LED with ZnO nanosheets was higher than that of untreated LED. Obviously, more than 1.3 times enhancement of emission intensity was obtained. 
CONCLUSIONS
In conclusion, a simple method with low temperature alcohols for the hydrothermal growth of ZnO nanosheets has been developed. The light output power of GaN-based LEDs was markedly enhanced by ZnO nanostructures. The ZnO nanosheets with a higher surface-to-volume contributed to the marked increase of the light output intensity of LED. Results showed that coating of ZnO nanosheets on the GaN LED enhanced 20% its light output power compared to that of untreated LED at 20 mA current injection.
